A rockslide is a rapid flow-like movement of a large rock mass which is initially intact. One distinguishing feature of rockslides is their unusually long runout, and various analytical models have been proposed to model the determinants of landslide runout. This paper models the determinants of landslide runout for a sample of 34 large rockslides using White's heteroscedastic consistent estimator. Key findings are as follows. First, the average length of runout for the sample is 5,947 m, the average height is 1,513 m, and the average volume is 5.597 10 9 m 3 . Second, an increase in rockslide volume of 10 9 m 3 increases rockslide runout by an average of 115.6 m. Third, an increase in rockslide height of 1 m increase rockslide run out by an average of 3.14 m. Fourth, there is evidence that runout behavior is statistically significantly different in the three rockslide zones examined, the Himalayas, North America and the New Zealand Southern Alps.
Introduction
Landslides are one of the most important natural hazards, and large and rapid landslides produce a significant annual toll in deaths, injuries and property damage. A brief summary of several large landslides in the postWorld War II period provides a sense of the magnitude of devastation caused by landslides.
In 1949, the Khait rockslide in the Tadzkhik Republic of the former Soviet Union resulted in 12,000 to 20,000 killed or missing with the destruction of 33 villages. The triggering event was the 7.6 magnitude Khait earthquake. The Khait rockslide began as large rockslide which transformed into a granite debris avalanche.
In 1953, the Arita River slides in Wakayama Province, Japan, resulted in 466 killed or missing and destruction of 4,772 homes. The Arita River slides were triggered by a major typhoon, which dumped heavy rain on the area.
In 1963, the Valont River Rockslide in Friuli, Italy killed 2,000 people and caused an estimated $200 million in damage. The Valont Rover Rockslide caused 100 metre waves to overtop the Valont Dam and badly damaged the city of Laongarone, Italy.
In 1965, the Nevado del Rio debris flows in the province of Tolima, Columbia killed more than 20,000 in the City of Armero. The initial cause was the eruption of Nevado del Rio resulting in the destruction of four villages followed by catastrophic debris flows in the valley of the Lagunillas River. For details of these four and other large landslide see USGS, Catastrophic Landslides of the 20 th Century. A rockslide, alternatively called a rock landslide, can be defined as the rapid flow-like movement of a large rock mass which is initially intact. One distinguishing feature of rockslides is their unusually long runout, and various models have been proposed to model the determinants of landslide runout. A number of studies have investigated various aspects of rockslides ([1] - [27] ). Although there is a large literature on rockslides, there are relatively few papers which have attempted to build statistical models of rockslide runout. The purpose of this paper is to help fill this gap in the rockslide literature.
Data and Method

Previous Research
One of the earliest formal approaches to modelling landslide runout was Heim's (1923) approach based on a Coulomb Slide-block model. Recall that for a sliding plane, the Coulomb friction angle is the ratio of the shear force to the normal force.
We follow Iverson (1997 Iverson ( , 2003 and use the following notation:
 ρ is the density of the falling rock mass, which is assumed to be rigid,  H is the height of the rockslide trajectory, which is assumed to be uniform,  L is the horizontal length of the rockslide trajectory, which is assumed to be uniform,  v(t) is the velocity of the falling rock mass at time t,  g is the acceleration of the falling rock mass due to gravity,  θ is the angle of the hillside, which is assumed to be constant,  φ is the Coulomb friction angle, which is again assumed to be constant,  c is cohesive sheer strength, which is assumed to be stress independent, and  μ is a viscosity coefficient.
Iverson notes that Newton's second law yields the onedimensional equation of momentum as follows:
Here the term ρgH cosθ tanφ is the Coulomb friction term. Note that if we cancel the factor ρH from all terms, integrate over the travel distance x, and rearrange the remaining terms, the resulting estimable equation is:
It is worth noting that laboratory experiments for many rock and soil samples typically find that 30° < φ < 40°. And using this range of values for φ provides good runout predictions for landslides with volumes smaller than10 6 m 3 , but for larger landslides this model typically underestimates the runout.
One simple approach to explain long landslide runout is the Adjustable Resistance Model in which the Coulomb friction term is replaced by a term which permits the adjustment or calibration of various forces of resistance. Again, we follow Iverson (1997 Iverson ( , 2003 and replace the Coulomb friction term (ρgH cosθ tanφ) with a term which combines a constant resistance and a velocity-dependent resistance, so that the revised equation of motion is:
This revised approach has both strengths and weaknesses. The main strength of this revised approach is that the extra flexibility presented by the additional parameters permits calibration of the model to a wide range of data. The main weakness of this revised approach is that laboratory experiments show limited evidence of significant viscous behaviour over the appropriate range of temperatures, pressures and deformation rates applicable to landslides.
Data and Model
Based on previous work, we assume initially the following simple relationship (Model 1) between the rockslide runout L, the rockslide height H, the rockslide volume V and an error term, where i = 1, … , N indexes the N observations in the sample:
Since geological conditions may vary significantly across geographic areas, the second model adds dummy variables for the Himalayas (HI) and North American (NA) rockslides (Model 2):
Some previous work has estimated landslide runout with the variables in logs so for comparability with this previous work we estimate the first model in double log form (Model 3):
Finally we also estimate the augmented model using a double log form (Model 4):
The data used is from Hewitt et al. (2008) which provides detailed information on 34 large rockslides in the Himalayas, New Zealand's Southern Alps and North America. Table 1 summarizes the data used in the regression modelling. Length is the horizontal length of the rockslide in metres, volume is the volume of the rockslide in cubic kilometres, height is the height of the rockslide in metres, Himalayas is a dummy variable which takes on the value one for an observation in the Himalayas and the value zero otherwise, and North America is a dummy variable which takes on the value one for an observation in North America and the value zero otherwise (so that the base for the two dummy variables is the New Zealand Southern Alps). 
Estimation
Suppose that y is a N×1 vector of observations on a dependent variable, that Z is a N×K matrix of observations on the k independent or forcing variables, that β is a k×1 vector of fixed coefficients, and that ε is a N×1 vector of error terms, then we define the linear regression model as
We initially make the following set of assumptions. (1) The ordinary least squares (OLS) estimator of β is found by minimizing the sum of the squared errors, and under the subset of assumptions 1, 2, 3 and 5, the OLS estimator of β is
which has the covariance matrix
Note that the elements of the diagonal matrix Ф are
We have two possibilities. First, if this condition holds, then
and the covariance matrix Var(β*) is
Defining the estimated residuals as e i = y i -x i β* the OLS covariance Var OLS matrix is
Var OLS is unbiased and the usual t-tests of significance for the estimated regression coefficients β* are consistent. Second, if this condition does not hold, Var OLS is biased, t-tests are not consistent, and the direction of bias is not known. This means, that it cannot be determined whether or not the estimated parameter values are significant.
If (4) does not hold, but Ф is known, then the initial expression for Var(β*) can be used. In the more usual situation where Ф is not known, we need a consistent estimator of Ф. White developed a heteroscedastic consistent covariance matrix estimator which is based on his insight that e i 2 can be used to estimate φ ii . If we define Ф* = diag[e i 2 ], White's operational estimator β** is
This is a consistent estimator of β, so that the usual t-tests on the regression coefficients β are valid in large samples. Table 2 shows the results for Model 1 where runout length is a function of a constant term, rockslide volume and rockslide height. Interpretation of the regression coefficients is as follows. (1) Table 3 shows the results for Model 2 where runout length is a function of a constant term, rockslide volume, rockslide height, a dummy variable for the Himalayas, and a dummy variable for North America. Interpretation of the regression coefficients is as follows. (1) An increase in volume of 10 9 m 3 increases rockslide runout by an average of 115.6 m. (2) An increase in height of 1 m increase rockslide out by an average of 3.14 m. Table 4 shows the results for Model 3 where log runout length is a function of a constant term, log rockslide volume and log rockslide height. Interpretation of the regression coefficients is as follows. (1) A one percent increase in volume increases rockslide runout by 0.38 percent. (2) A one percent increase in height increases rockslide runout by 0.78 percent. Table 5 shows the results for Model 4 where runout length is a function of a constant term, log rockslide volume and log rockslide height. Interpretation of the regression coefficients is as follows. (1) A one percent increase in volume increases rockslide runout by 0.03 percent. (2) A one percent increase in height increases rockslide runout by 0.50 percent. 
Results
Discussion
Several papers have estimated empirical models of landslide behaviour. Some of these studies have focussed on the angle of reach which is defined as the "angle of the line connecting the highest point of the landslide crown scarp to the distal margin of the displaced mass [Hungr et al., p. 11] ." The angle of reach is sometimes viewed as a measure of relative landslide mobility [see for example Heim (1932) ]. In his early work, Heim argued that rock avalanche travel distance depended upon the initial height of the rock landslide, the regularity of the terrain in the path of the rockslide, and the volume of the rockslide. A number of studies have examined the relationship between landslide volume and landslide mobility [Scheidegger (1973) Table 6 compares the results of the double log regression for this study with the Finlay et al. results, including the intercepts (α), the slope term for log heights (γ), and the explanatory power of the regressions (adjusted R-squared). Three observations should be noted on these comparative results. First, the intercepts in Finlay et al. are much smaller than in the current study, reflecting the fact that the landslides in Finlay et al. are much smaller. Second, the slope terms are quite similar between the two studies with a one-percent increase in height leading to an increase in runout length of 0.50 percent to 1.01 percent across the six regressions. Third, the explanatory power of all six regressions is adequate with the adjusted R-squared values ranging from 0.41 to 0.85. 
Conclusion
This paper presents four models of the determinants of landslide runout for a sample of 34 large rockslides in the Himalayas, North America and the New Zealand Southern Alps, estimated using White's heteroscedastic consistent estimator. Model 1 uses variables in levels and ignores heterogeneity among the landslide regions. Model 2 uses variables in levels and includes heterogeneity among the landslide regions. Model 3 uses variables in the log of levels and ignores heterogeneity among the landslide regions. Model 4 uses variables in the log of levels and includes heterogeneity among the landslide regions. Key findings are as follows. First, Model 2 is statistically superior to the other three models, and it explains three-quarters of the variance in runout lengths.
Second, for Model 2, an increase in rockslide volume of 10 9 m 3 increases rockslide runout by an average of 115.6 m, and this results is significant at the 0.1 percent level.
Third, for Model 2, an increase in rockslide height of 1 m increase rockslide run out by an average of 3.14 m, and this result is significant at the 0.1 percent level.
Fourth, there is evidence that runout behavior is statistically significantly different in the three rockslide zones examined, the Himalayas, North America and the New Zealand Southern Alps. Controlling for other determinants of landslide runout, runout is 1,828 m longer for rockslides in the Himalayas and 2,916 m longer for rockslides in North America than rockslides in the New Zealand Southern Alps.
